The composition and fine structure of the vegetative cell wall peptidoglycan from Bacillus subtilis were determined by analysis of its constituent muropeptides. The structures of 39 muropeptides, representing 97% of the total peptidoglycan, were elucidated. About 99% analyzed muropeptides in B. subtilis vegetative cell peptidoglycan have the free carboxylic group of diaminopimelic acid amidated. Anhydromuropeptides and products missing a glucosamine at the nonreducing terminus account for 0.4 and 1.5%, respectively, of the total muropeptides. These two types of muropeptides are suggested to end glycan strands. An unexpected feature of B. subtilis muropeptides was the occurrence of a glycine residue in position 5 of the peptide side chain on monomers or oligomers, which account for 2.7% of the total muropeptides. This amount is, however, dependent on the composition of the growth media. Potential attachment sites for anionic polymers to peptidoglycan occur on dominant muropeptides and account for 2.1% of the total. B. subtilis peptidoglycan is incompletely digested by lysozyme due to de-N-acetylation of glucosamine, which occurs on 17.3% of muropeptides. The cross-linking index of the polymer changes with the growth phase. It is highest in late stationary phase, with a value of 33.2 or 44% per muramic acid residue, as determined by reverse-phase high-pressure liquid chromatography or gel filtration, respectively. Analysis of the muropeptide composition of a dacA (PBP 5) mutant shows a dramatic decrease of muropeptides with tripeptide side chains and an increase or appearance of muropeptides with pentapeptide side chains in monomers or oligomers. The total muropeptides with pentapeptide side chains accounts for almost 82% in the dacA mutant. This major low-molecular-weight PBP (DD-carboxypeptidase) is suggested to play a role in peptidoglycan maturation.
Cell wall peptidoglycan is present in most eubacteria and is essential for the maintenance of cellular viability and shape determination. B. subtilis is attractive as a model organism for peptidoglycan studies because of its life cycle, as nutrient deprivation results in a differentiation process leading to the production of a spore. This mechanism leads to a change in peptidoglycan structure and function between vegetative cells and spores (11) . In vegetative cells, the peptidoglycan consists of glycan chains of alternating N-acetylglucosamine and Nacetylmuramic acid, which are frequently cross-linked to each other by short peptides. This rigid bag-shaped polymer surrounds the bacterial cell and therefore determines the shape of the bacterial cells. It also protects the cells against the turgor pressure exerted by the cytoplasm (1, 18) . Although this highly cross-linked network forms a rigid, insoluble envelope in the shape of the bacterial cells, the peptidoglycan is nevertheless in a dynamic state throughout the life of the cell (9, 18) .
Synthesis of peptidoglycan is a complex two-stage process. The first is the formation of a peptidoglycan subunit, disaccharide pentapeptide, in the cytoplasm. In many organisms, including Bacillus subtilis and Escherichia coli, the pentapeptide consists of L-Ala-D-Glu-L-meso-diaminopimelic acid-D-Ala-DAla. The second is the polymerization, which occurs on the outer surface of the cytoplasmic membrane (41) . Polymerization of peptidoglycan requires two enzymatic activities, a transglycosylase that polymerizes the glycan strands and a transpeptidase that cross-links these strands by means of the peptide side chains (13, 34, 41) . During the transpeptidation reaction the terminal D-alanine is removed from one of the peptide chains (donor), while its penultimate D-alanine becomes linked to the ε-amino group of diaminopimelic acid (A 2 pm) in another peptide chain (acceptor) (12, 17) . The penicillin-binding proteins (PBPs) required for these activities are class A and B high-molecular-weight PBPs which are respectively bifunctional transpeptidases and transglycosylases or transpeptidases. The low-molecular-weight PBPs are generally involved in peptidoglycan maturation and can be carboxypeptidases or DD-endopeptidases (13, 18, 30) . Although a number of genes encoding PBPs have been sequenced and inactivated, very little is known about the precise role of these genes in peptidoglycan biosynthesis (31-34, 39, 44) . Analysis is further hampered by the functional redundancy in these enzymes (29, 30, 35) .
Earlier studies of the peptidoglycan composition of B. subtilis revealed the presence of Ala, Glu, and A 2 pm in addition to N-acetylglucosamine and N-acetylmuramic acid. A dozen stem peptide structures have also been determined after hydrolysis of peptidoglycan by an amidase (43) . Amidation of the free carboxylic group of A 2 pm was shown as a major feature of B. subtilis peptidoglycan (43) . More recently, glycine was shown to occur in the peptidoglycan of outgrowing spores of this bacterium (29) .
We have recently reported the fine structure of B. subtilis spore peptidoglycan and determined the structural dynamics which take place during the germination process (2, 3) . In this paper, we report the structure of the vegetative cell wall peptidoglycan determined by a combination of reverse-phase highpressure liquid chromatography (RP-HPLC) separation of muropeptides, amino acid analysis, mass spectrometry (MS), and nuclear magnetic resonance spectroscopy (NMR). Peptidoglycan analysis of dacA (PBP 5) and ponA (PBP 1) mutants has revealed the possible roles of these PBPs in peptidoglycan biosynthesis.
MATERIALS AND METHODS
Bacterial strains and growth conditions. B. subtilis 168 HR and the mutant strains were grown at 37°C in nutrient broth (Oxoid) with shaking at 250 rpm or on nutrient agar (1% [wt/vol]) plates at 37°C.
Preparation of cell wall peptidoglycan. Cell cultures (100 ml) were boiled in a water bath for 7 min to avoid peptidoglycan autolysis and then collected by centrifugation (14,000 ϫ g, 8 min, 4°C). Hot 5% (wt/vol) sodium dodecyl sulfate (SDS) was added to pelleted cells, which were then resuspended and boiled for 25 min. Insoluble material was recovered by centrifugation (14,000 ϫ g, 8 min, 20°C) and boiled again in 4% (wt/vol) SDS (15 min) after resuspension. The resulting insoluble wall preparation was then washed with hot distilled water (60°C) at least five times until free of SDS. Covalently attached proteins are removed by treatment with 2 mg of pronase ml Ϫ1 for 1 h at 60°C (2) . The walls were then recovered by centrifugation (14,000 ϫ g, 8 min, 4°C), washed once in distilled water, and suspended in hydrofluoric acid (HF) (400 l of a 48% [vol/vol] solution); the mixture was incubated at 2°C for 24 h. The insoluble material was collected by centrifugation (14,000 ϫ g, 8 min, 4°C) and washed repeatedly by centrifugation and resuspension once with Tris-HCl buffer (50 mM, pH 7) and five times with cold distilled water until the pH was neutral. The material was then stored at Ϫ20°C.
Enzymatic hydrolysis of peptidoglycan and RP-HPLC separation of soluble muropeptides. Samples containing muropeptides were digested with Cellosyl as previously reported (2) . Soluble muropeptides were reduced by using sodium borohydride at a final concentration of 8 mg ml Ϫ1 as described previously (8) . The reaction was stopped after 13 min by lowering the pH to 4 with phosphoric acid. Reduced muropeptides were separated with a Waters HPLC system and a Hypersil octadecylsilane column from Sigma (4.6 by 250 mm; particle size, 5 m) as previously described (2) . Elution buffers were as follows: A, 40 mM sodium phosphate (pH 4.5); B, 40 mM sodium phosphate (pH 4) containing 20% (vol/ vol) methanol. A small amount of sodium azide (142 l from a 1% [wt/vol] solution) was added to 1 liter of buffer A to equalize its A 202 with that of buffer B. The column was equilibrated at 52°C with buffer A at a flow rate of 0.5 ml min Ϫ1 for 20 min. Soluble-reduced muropeptides (60 l) were injected, and a linear gradient of 0 to 100% buffer B over a period of 270 min was started 5 min after sample injection. The flow rate was constant at 0.5 ml min Ϫ1 over the course of the gradient, and the eluted compounds were detected by monitoring A 202 . Muropeptides were collected individually at the detector outlet.
Desalting of HPLC-separated muropeptides, amino acid analysis, and MS. Desalting of muropeptides, amino acid analysis, and MS were carried out as previously described (2) .
Determination of cross-linking indices by gel filtration. Cellosyl-digested muropeptides were loaded onto a TSK SW2000 (7.5 by 600 mm; Anachem, Luton, United Kingdom) gel filtration column. The muropeptides were eluted from the column at 0.3 ml min Ϫ1 with 40 mM phosphate buffer pH 6.5. A 202 was monitored, and the cross-linking index was calculated as previously reported (27) .
NMR analysis of muropeptides. HPLC-purified muropeptides were lyophilized and dissolved in 90% H 2 O-10% D 2 O. NMR spectra were run at 298 K on a Bruker DRX-500 spectrometer. All spectra were acquired by using solvent presaturation and were processed by using low-frequency digital filtering to remove the water signal. Two-dimensional (2-D) double-quantum filtered correlated spectroscopy, total correlated spectroscopy (TOCSY), and rotating frame nuclear Overhauser effect spectroscopy (ROESY) spectra were acquired by using spectral widths of 12,500 Hz in F 2 and 5,000 Hz in F 1 . Typically, spectra were acquired as 4,096 ϫ 256 complex points, using the States-TPPI method. Spin-lock fields used were 10 kHz for TOCSY and 2.2 kHz for ROESY, and mixing times were 100 ms for both TOCSY and ROESY. All spectra were processed and plotted by using Felix 97.0 (Molecular Simulations, Inc.).
RESULTS
HPLC analysis of Cellosyl-digested peptidoglycan from B. subtilis 168. Cultures used for muropeptide analysis were grown to stationary phase (8 h) prior to sampling. To determine the degree of peptidoglycan solubilization, the levels of A 2 pm (considered to be exclusive to peptidoglycan) were measured in total undigested peptidoglycan, Cellosyl-hydrolyzed soluble, and insoluble fractions. At least 98% of A 2 pm was solubilized by Cellosyl treatment with Ͻ3% contamination by nonpeptidoglycan amino acids.
Separation of soluble reduced muropeptides was first carried out by using the conditions previously developed for muropeptide separation from B. subtilis spore peptidoglycan (2) . However, after separation and the desalting process, some peaks appeared to contain more than one product. Optimization experiments comprised an increase in column temperature (from 40 to 52°C) and the use of pH 4.5 instead of 4.23 in buffer A. This optimization procedure allowed a better resolution of most muropeptides, as shown by a representative chromatogram in Fig. 1A .
Effects of pronase and HF treatments on the muropeptide elution pattern of B. subtilis 168. The omission of pronase treatment during peptidoglycan preparation did not alter the RP-HPLC muropeptide pattern. Quantification of muropeptides from pronase-treated and untreated samples also indicated no substantial loss of muropeptides in the pronase-untreated sample.
Peptidoglycan-bound anionic polymers are a common feature of gram-positive bacterial cell walls and those of B. subtilis in particular. The omission of HF treatment in the cell wall purification procedure leads to peptidoglycan with intact bound teichoic acids. Comparison of RP-HPLC profiles of HF-treated and untreated samples allowed the identification of the potential main teichoic acid-anchoring muropeptides. Indeed, muropeptides 2, 13, and 16 ( Fig. 1A) were absent in the HF-untreated samples (results not shown). Also, a significant decrease of muropeptide 17 was noted.
Structural identification of the vegetative cell wall muropeptides. Based on amino acid analysis, all numbered peaks in Fig.  1A are peptidoglycan-derived products ( Table 1 ). The amino acids detected were Ala, Glu, A 2 pm, and Gly (although in small amounts). Determination of the precise relative molecular masses of the different muropeptides was crucial for identification of their structure. However, the potential occurrence of amidation (43) , which causes a change of only one mass unit in some muropeptides, would be difficult to determine by matrix-assisted laser desorption ionization MS for dimers and oligomers. Therefore, in addition to amino acid and MS analyses, each muropeptide obtained in sufficient quantity was subjected to NMR for determination of the number of amide groups.
Vegetative cell wall peptidoglycan composition of B. subtilis. Amino acid analysis combined with MS and NMR allowed structural determination and quantification of all purified muropeptides ( Fig. 1A and 2 ; Tables 1 and 2 ). Muropeptides 1 and 3 have the same MS and amino acid composition (Table 1) but different retention times (Fig. 1A) . NMR analysis indicates the presence of an amide group on muropeptide 3, visible as a pair of singlet peaks at 7.29 and 7.86 ppm, which are clearly absent in muropeptide 1 ( Table 2 ; Fig. 3 ). Detailed 2-D NMR investigations carried out on muropeptides 9 and 25 (Table 2) confirmed that the amide groups are in all cases incorporated as amidation of the A 2 pm carboxylate, by observation of rotating frame nuclear Overhauser enhancements in the ROESY spectrum between A 2 pm and amide protons (results not shown). Peak 2 can be seen (Fig. 1A ) to be likely a mixture of two products. Desalting confirmed this, but the structure of only the major product could be determined (Tables 1 and 2 ). Muropeptides 15, 20, and 21 show the same amino acid composition and very similar masses ( Table 1) . The difference in the retention times of muropeptides 15 and 20, which show one amide group each (Table 2) , is likely due to the position of the amide group on the carboxylic group of either A 2 pm in the dimer. Muropeptide 21 has two amide groups ( Table 2 ) and therefore has a retention time different from those of the former muropeptides. Under the conditions used for separation of muropeptides from B. subtilis, the retention times of otherwise identical muropeptides increase with the number of amide groups. This is the case for muropeptides 15, 20, and 21, muropeptides 30 and 31, and muropeptides 35 and 37 ( Fig. 1A ; Tables 1 and 2 ). Muropeptide 4 is a disaccharide tripeptide with an amide group but with a 42-Da mass defect (Tables 1 and 2 ). This mass defect corresponds to a lack of an N-acetyl group on an amino sugar, as demonstrated by the NMR spectrum (Fig. 3) , in which the upfield N-acetyl signal (2.02 ppm) is absent. Fragmentation of the muropeptide by MS revealed that the de-N-acetylation occurs on the glucosamine (result not shown). Likewise, the 42-Da mass defect of muropeptides 18 and 19, 22 and 23, and 32 and 33 corresponds to de-N-acetylation of glucosamine ( Table 2 ). The substitution of N-acetylmuramic acid with either a tripeptide (acceptor) or tetrapeptide (donor) in dimers or oligomers and the occurrence of de-N-acetylation of glucosamine explains the presence of more than one peak for each apparent product. (3) . NMR analysis of muropeptide 36 confirms this structure, because one of the two muramic acid N-acetyl signals, which are normally coincident at 1.94 ppm, moves to 2.03 ppm (Fig. 3) .
Muropeptides 2, 13, and 16 all show an extra 78 Da compared to respective related muropeptides 4, 15, and 21 ( Fig.  1A ; Tables 1 and 2 ). This extra 78 Da does not correspond to any known amino acid. Furthermore, these muropeptides disappear from the RP-HPLC profile of the HF-untreated sample and are eluted earlier than related ones. The 78-Da shift in the molecular mass fits our prediction of a phosphate bound to C6 of one N-acetylmuramic acid.
Peak 17 contains two different muropeptides, which are separated during the desalting process. Muropeptide 17a has the same MS, amino acid content, and amide levels as muropeptide 16 (Tables 1 and 2 ). The difference in the retention time between muropeptides 16 and 17a is likely therefore to be the position of the phosphate on either N-acetylmuramic acid of these cross-linked muropeptides. Muropeptides 9, 25, and 34 are respectively a monomer, dimer, and trimer, each containing a single glycine ( Fig. 1A and 2 ; Tables 1 and 2 ). Analysis of pure muropeptides 9 and 25 ( Fig. 1A and 2 ) by 2-D NMR showed sequential rotating frame nuclear Overhauser enhancements between A 2 pm and Ala-4 and between Ala-4 and Gly, indicating that Gly is in position 5 in both the monomer and the dimer (results not shown). Muropeptide 24 could not be recovered after desalting. Therefore, MS analysis was performed on a nondesalted sample, and a mass similar to that of muropeptide 25 was found. The difference in the retention times of these two muropeptides could be due to the presence of only one amide group on muropeptide 24.
The average 204-Da mass defect in muropeptides 12 and 17b (dimers) and 29 (trimer) corresponds to a loss of an N-acetylglucosamine. Analysis of these muropeptides by NMR clearly shows a loss of a sugar moiety (result not shown). The RP-HPLC profile of lysozyme-digested peptidoglycan resulted in the disappearance of all muropeptides with 42-and 78-Da defects in their masses (result not shown; Tables 1 and 2) .
From the chemical structure assigned to most of the muropeptides of B. subtilis ( Fig. 2; Table 2 ), it is clear that the structure of peptidoglycan is relatively simple. It is the amidation of the free carboxylic groups of A 2 pm and de-N-acetylation of glucosamine which has doubled the number of muropeptides shown in Fig. 1A .
Effects of different media and growth phases on peptidoglycan structure. To determine whether B. subtilis cell wall peptidoglycan structure is altered as a function of medium composition, the cells were grown to early stationary phase in nutrient broth (Oxoid), Luria-Bertani (LB) medium or minimal medium (24) . No new muropeptides were detected in cells grown in either LB or minimal medium. However, one striking difference between the peptidoglycan of cells grown in the last two media and nutrient broth is the virtual absence of muropeptides containing glycine (result not shown). Another minor difference is the substantial decrease in the level of muropeptides 2, 13, 16, and 17a, which contain phosphate.
Apart from the ratio of the different muropeptides, no other major differences characterize B. subtilis peptidoglycan structure during the different growth phases. The overall composition indicates a gradual decrease of monomers and an increase of dimers and trimers as the culture grows older ( Table 3) .
The cross-linking index calculated from RP-HPLC resolved muropeptides rises from 29.1% in the exponential phase to 33.2% in stationary phase (after 8 h of culture). The same trend was found by gel filtration analysis. However, the values are approximately 10% higher than those obtained by RP-HPLC (Table 3 ). This discrepancy in cross-linking calculation is due to errors in muropeptide quantification from the gel filtration profile. In terms of individual muropeptides, there is a relative increase of muropeptide 1 (disaccharide tripeptide) compared to all other monomers as cells enter the stationary phase (result not shown).
Role of PBP(s) in peptidoglycan biosynthesis. PBPs are crucial enzymes for bacterial cells since they are involved in peptidoglycan biosynthesis. High-molecular-weight PBPs polymerize the peptidoglycan building block, disaccharide pentapeptide. However, low-molecular-weight PBPs are involved in peptidoglycan maturation. To determine the role of the high-molecular-weight PBP 1 (ponA) and low-molecular-weight PBP 5 (dacA), we compared the peptidoglycan structure and composition of the strains lacking these enzymes to those of the wild type.
The RP-HPLC muropeptide profile from strain AA106 (ponA) is shown in Fig. 1B . The obvious difference between the muropeptide profile from this strain and that of the wild type is the increase of muropeptides 11, 12, and 27, the decrease in muropeptide 31, and the absence of muropeptides 37 and 38 ( Fig. 1B; Table 2 ). A minor new muropeptide termed A1 
VOL. 181, 1999 PEPTIDOGLYCAN STRUCTURE OF B. SUBTILIS VEGETATIVE CELLS 3963
(between muropeptides 31 and 32) identified as anhydrodisaccharide tripeptide disaccharide tetrapeptide with one amidation is noted ( Fig. 1B ; Tables 1 and 2 ). This muropeptide is scarcely detectable in the wild-type strain (Fig. 1A) . The overall composition of the peptidoglycan from ponA shows a decrease in dimers and trimers and an increase in monomers ( Table 3) . The cross-linking index is only 26.6%, compared to 33.2% of the wild type, in an 8-h culture ( Table 3) .
Comparison of the peptidoglycan profile of the wild-type strain to that of AA109 (dacA) (Fig. 1A and C) indicates that both the composition and relative amounts of a number of muropeptides change dramatically. Muropeptides 11 (disaccharide pentapeptide with one amidation) and 27 (disaccharide pentapeptide disaccharide tetrapeptide with two amidations), which represent respectively 0.6 and 1% of the total muropeptides in the wild-type strain, become the dominant muropeptides at 19.1 and 30.8% in this mutant ( Fig. 1C and 2 ; Tables 1 and 2 ). Figure 1C also shows a dramatic decrease or disappearance of muropeptides with tripeptide side chains in monomers or cross-linked muropeptides (e.g., muropeptides 3, 15, and 21). A range of novel muropeptides (B1 to B17) were detected in AA109 (dacA) (Fig. 1C) . The chemical structure determined by amino acid analysis and MS indicates the presence of a pentapeptide side chain in all of them (Tables 1 and  2 ; Fig. 2) . Muropeptide B5 shows an extra 78 Da in comparison to equivalent ones (muropeptides B6 and B7). This shift in molecular mass corresponds to a phosphate as suggested for some of the wild-type muropeptides cited above. Likewise, the 42-Da defect in muropeptides B8 and B9 is attributed to de-N-acetylation of glucosamine. The structure of the products eluted between muropeptides 26 and B7 (Fig. 1C) could not be determined. The number of amidations in B1 to B17 was not verified by NMR but their level may account for the range of muropeptides (e.g., B6 to B7 and B11 to B13). The overall composition of peptidoglycan from AA109 (dacA) shows a slight increase of dimers and a decrease in trimers (Table 3) . However, the cross-linking index does not differ significantly from that of the wild type (Table 3) .
DISCUSSION
The composition and structure of peptidoglycan from vegetative cells of B. subtilis were investigated. The peptidoglycan purification procedure allowed solubilization of Ͼ97% muropeptides, and 39 muropeptides were identified.
A most distinctive feature of peptidoglycan in B. subtilis is amidation of the free carboxylic group of A 2 pm as reported earlier (43) . In fact, of all muropeptides containing A 2 pm analyzed by NMR, only muropeptide 1 (disaccharide tripeptide) is not amidated. This muropeptide was previously reported to be part of the primordial cell wall of spore peptidoglycan (2, 3) .
Amidation of the free carboxylic group of A 2 pm has been found in peptidoglycan of a number of bacteria, including Corynebacterium diphtheriae (21) and B. stearothermophilus (16) . The physiological significance of this peptidoglycan modification is unknown, although it contributes to a modification of peptidoglycan chemical properties. Amidation neutralizes the acidic carboxyl groups of A 2 pm and therefore reduces the charge density in the walls. It may be that in the native peptidoglycan, all free carboxy termini of A 2 pm are amidated and some are lost during muropeptides analysis.
De-N-acetylation of glucosamine is well known in B. subtilis vegetative cell peptidoglycan (1, 46) . De-N-acetylation of glucosamine occurs on 17.3% of the total muropeptides. This value is half of that found in previous studies of B. subtilis 168 peptidoglycan using fluorodinitrobenzene (1, 46) . De-N-acetylation of glucosamine is also known to cause resistance to lysozyme digestion (1, 46) . Similarly, the presence of wall teichoic acid appears to protect against lysozyme digestion (28) . Our results correlate with these observations, as the peptidoglycan in B. subtilis is incompletely digested with lysozyme. The muropeptides which disappear from the RP-HPLC profile of the lysozyme digested sample are indeed those with de-Nacetylated glucosamine and those containing phosphate. The role of glucosamine de-N-acetylation could be the regulation of peptidoglycan hydrolases involved in autolysis.
Anhydromuropeptides are a common feature in peptidoglycan of gram-negative bacteria (15, 40) and are proposed to end glycan strands (15) . Recently these muropeptides have been shown to be associated with cortex hydrolysis during germination of B. subtilis and B. megaterium spores (3, 4) . In E. coli, anhydromuropeptides represent almost 80% of cell wall degradation products released during autolysis induced by cephaloridine or trichloroacetic acid (22) . Recent findings showed that anhydromuropeptides are recycled and play a role in gene regulation (19, 20) . The lower amounts of these muropeptides in B. subtilis (0.4%) than in E. coli (3.71%) (15) could be explained by longer glycan strands in B. subtilis. Alternatively, other specific muropeptides may end the glycan strands. The absence of one N-acetylglucosamine moiety in some muropeptides indicates that N-acetylmuramic acid is at the nonreducing end of the native glycan strand. This modification would not be expected from the mechanism of peptidoglycan biosynthesis (43) . Therefore, it is likely to have been generated by the activity of a glucosaminidase cleaving at specific locations. A 90-kDa glucosaminidase (LytD) from B. subtilis has already been characterized (37) , and analysis of a mutant lacking this enzyme has shown its role in cell separation, cell wall turnover, and antibiotic-induced lysis as well as motility (5) . Analysis of peptidoglycan structure of the mutant will determine whether this enzyme is involved in peptidoglycan structural determination. Muropeptides 5 (disaccharide dipeptide) and 8 (disaccharide tripeptide dipeptide with two amidations) are both monomers likely to have been generated by an endopeptidase, cleaving the glutamyl-A 2 pm bond of the dominant muropeptide 21 (disaccharide tripeptide disaccharide tetrapeptide two amidations). These muropeptides may be generated by LytF, a glutamate-meso-diaminopimelate endopeptidase very recently identified in B. subtilis (26) .
Muropeptides 10 and 14 are the products of an amidase. These muropeptides are unlikely to be due to cell autolysis since the cells were boiled just after harvesting. A 50-kDa amidase (LytC) from B. subtilis has already been characterized (37) . This enzyme has recently been shown to be involved in cell autolysis induced by sodium azide (5) .
An important and unexpected feature of the composition of B. subtilis peptidoglycan is the presence of muropeptides containing glycine (Fig. 2) . The location of the glycine in position 5 of the peptide side chain as determined by 2-D NMR in the monomer (muropeptide 9) and the dimer (muropeptide 25) is similar to locations of some muropeptides of E. coli (15) and Thermus thermophilus (36) . The mechanism which could explain their formation is the incorporation of Gly instead of D-Ala in the synthesis of D-Ala-D-Ala by D-Ala:D-Ala ligase. This mechanism has been suggested for both gram-positive and gram-negative bacteria (15, 41) . Muropeptides containing glycine represent 2.7% of the total muropeptides (Table 2) , and their levels depend on the composition of the growth medium. This is probably the reason why they have not been identified in earlier investigations of peptidoglycan chemical structure of B. subtilis using less sensitive techniques (43, 45) .
Anionic polymers are covalently attached to peptidoglycan by a phosphodiester linkage to the hydroxyl group of an acetylmuramic residue in the glycan chain (1). Acid hydrolysis yields muramic acid 6-phosphate (25) . Muropeptides 2, 13, 16, and 17a (Fig. 1A) are likely to be the muropeptides to which anionic polymers are attached in B. subtilis 168. The fact that these muropeptides have the same amide groups as the dominant muropeptides 3, 15, and 21 ( Fig. 1A; Table 2 ) suggests that the attachment occurs on the dominant muropeptides.
The alteration in peptidoglycan cross-linking levels between cells in exponential and stationary phase (Table 3) could be explained by the change in peptidoglycan dynamics. In the stationary phase, the bacterial cells are unable to adapt quickly and could be more vulnerable to assaults; therefore, a higher cross-linking index is aimed to ensure their mechanical integrity. Similar results have also been reported for other bacteria (6, 10, 14) .
Peptidoglycan structure determined by muropeptide analysis gives a snapshot of the wall composition. The interplay of a large number of components produces the final structure. These include enzymes involved in biosynthesis, maturation, and autolysis. By a study of the muropeptide profiles of specific mutants, their role in peptidoglycan structural determination can be elucidated. PBP 1 is a class A high-molecular-weight PBP (34) . A ponA mutation results in a significant decrease in growth rate and an abnormal colony phenotype (34) . Our studies have shown a significant alteration in cross-linking which could explain the effect on other cellular processes.
A remarkable feature of peptidoglycan structure of strain AA109 (dacA) lacking PBP 5 is the number of muropeptides with pentapeptide side chains, which account for almost 82% of the total muropeptides. This result confirms that PBP 5 is a DD-carboxypeptidase and demonstrates its role in vegetative cell peptidoglycan maturation. This major modification of peptidoglycan does not affect the growth or the morphology of the cells (39) . Earlier studies have shown that the loss of 95% of this enzyme activity by 6-aminopenicillanic acid treatment of exponentially growing cells did not affect cell growth or the extent of peptidoglycan cross-linking (7, 38) . The cross-linking index of AA109 strain (dacA) determined by RP-HPLC is comparable to that of the wild type (Table 3) . From the present results, it is not clear whether PBP 5 removes both D-alanine residues or only the final alanine and then another LD-carboxypeptidase gives the final mature muropeptides with tripeptide side chains. The presence of muropeptides with tripeptide side chains suggests that there is at least one other DD-carboxypeptidase involved in peptidoglycan maturation, although its action is not sufficient to give the mature structure. Membranes isolated from exponentially growing cells of the dacA mutant contain about 5% of the total D-alanine carboxypeptidase activity found in the wild type (39) . Alternatively, disaccharide tripeptide could be incorporated directly into the peptidoglycan from lipid linked N-acetylmuramyl tripeptide, as has been demonstrated in E. coli (42) .
This study has demonstrated that peptidoglycan structure is determined by many biosynthetic and autolytic reactions. The recent release of the B. subtilis genome has revealed a number of novel putative peptidoglycan hydrolases and PBPs homologous to known enzymes in B. subtilis or other organisms (23) . Analysis of peptidoglycan structure in single and multiple mutants of these putative enzymes will reveal their combined roles in wall architecture. Muropeptide analysis has shown the presence of hitherto unknown features of peptidoglycan in B. subtilis. The spatial distribution of muropeptides within the wall and the dynamics of cell wall architecture during growth and division is the subject of our continuing research.
